INTRODUCTION
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Ussing chambers. Segments of GI tract (distal ileum and proximal colon) were excised and cut 2 2 8 along the mesenteric border and mounted in Ussing chambers (Physiologic Instruments, San 2 2 9
Diego, CA), exposing 0.1 cm 2 of tissue area to 4 ml of circulating oxygenated Ringer's buffer 2 3 0 maintained at 37°C. The buffer consisted of (in mM) of: 115 NaCl, 1.25 CaCl 2 , 1.2 MgCl 2 , 2.0 2 3 1 KH 2 PO 4 and 25 NaHCO 3 at pH 7.35±0.02. Additionally, glucose (10 mM) was added to the 2 3 2 serosal buffer as a source of energy, which was balanced osmotically by mannitol (10 mM) in 2 3 3 the mucosal buffer. Agar-salt bridges were used to monitor potential differences across the 2 3 4 tissue and to inject the required short-circuit current (Isc) to maintain the potential difference at 
4 3
Study Design: Three sets of animals were used for three parallel experiments. 2 4 4 1) Behavioral testing. Mice (±WAS) were exposed to the L/D box test, the OFT, and NOR task 2 4 5 ( Fig 1A) followed by a 2 hours rest and finally the FST (in a subset of mice; Fig 4A) . Animals 2 4 6 were habituated to the testing room by allowing them to acclimate in their home-cages in the 2 4 7 testing room for at least 30 min prior to testing. Once the behavioral tests were completed, mice 2 4 8 were euthanized by CO 2 inhalation followed by cervical dislocation, and tissues were collected1 1 2) Brain imaging. Mice exposed to 1 hour of WAS were left undisturbed in their home-cages for 2 5 1 1 hour followed by measurement of c-FOS expression levels in the hippocampus (21). Animals 2 5 2 were then perfused as described above.
5 3
3) Ussing chambers. Mice (±WAS) were euthanized by CO 2 inhalation followed by cervical 2 5 4 dislocation and both ileum and colon were collected to measure ion transport and permeability 2 5 5 in Ussing chambers.
5 6
Statistical analysis. Results are expressed as means ± standard error (SEM). Unpaired 2 5 7
Student's t-test or two-way ANOVA followed by Tukey's post hoc test were performed as 2 5 8 appropriate using Prism 7 GraphPad (San Diego, CA). A P-value of less than 0.05 was selected 2 5 9
as the threshold of statistical significance. 2 6 0
RESULTS
6 1
NodDKO mice display stress-induced behavioral deficits. To study the role of NLR in 2 6 2 regulating stress responses, behavior was assessed in NodDKO mice. NOR task was used to 2 6 3 assess recognition memory. While baseline cognitive functions in NodDKO mice were intact, as 2 6 4 determined by the ratio of interactions between a known and a novel object, exposure to a 2 6 5 single session of acute WAS for 1h led to a cognitive deficit compared to (WT[+WAS]) mice and 2 6 6 NodDKO(-WAS) control mice (Fig 1B) . In the L/D box test, used to assess anxiety-like behavior, 2 6 7 NodDKO(-WAS) mice did not demonstrate evidence of baseline anxiety-like behavior, as 2 6 8 indicated by total number of transitions between the L/D boxes and, time spent in the light box 2 6 9 compared to WT(-WAS) controls (Fig 1B) . In contrast, NodDKO(+WAS) mice displayed a 2 7 0 significant decrease in the number of transitions between the L/D compartments compared to 2 7 1 WT(+WAS) mice without an impact on time spent in the light box, indicative of anxiety-like 2 7 2 behavior. The OFT was used to measure exploratory behavior and general well-being along 2 7 3 with serving as a secondary assessment of anxiety-like behavior. NodDKO(+WAS) mice 2 7 4 displayed significantly reduced frequency of entries into the inner zone in the OFT compared to1 2 WT mice, without a difference in the total time spent in the inner zone (Fig 1B) . Exploratory 2 7 6 behavior, as determined by total distance travelled in the OFT, was significantly reduced in 2 7 7
NodDKO(-WAS) mice compared to WT, which was further decreased in NodDKO(+WAS).
7 8
Stress also caused decreased exploratory behavior in WT(+WAS) mice. These findings suggest 2 7 9 that deficiency in NLR increases susceptibility to acute stress, profoundly impacting behavior.
8 0
Cognitive function and anxiety-like behaviors were similar in male and female mice for 2 8 1 both WT(±WAS) and NodDKO(±WAS) groups, therefore, all subsequent data are derived from 2 8 2 combined sexes, which were equally distributed (Suppl Fig 1A) . 
8 5
Given that exposure to WAS impaired behavior in NodDKO mice, we measured serum 2 8 6 corticosterone levels and expression of glucocorticoid receptors (GR) and mineralocorticoid 2 8 7 receptors (MR) in the hippocampus, which serves as the primary site for feedback inhibition of 2 8 8 HPA-axis signaling. As expected, WAS increased the concentration of serum corticosterone in 2 8 9 1 6 were observed in the ileum of NodDKO(+WAS) mice when compared to WT(+WAS) controls 3 7 6 (Fig 3A) . In the colon, expression of 5HTr1a and 5HTr2c were both increased whereas Tph1 3 7 7
was unaffected ( Fig 3B) . Expression of the serotonin reuptake transporter (SERT), which 3 7 8
terminates 5-HT activity, was unaffected in both ileum and colon (Fig 3A, B) . Taken together, 3 7 9 these findings identify that Nod1 and Nod2 deficiency leads to dysregulated peripheral 5-HT 3 8 0 signaling, similar to findings in the hippocampus. but not affecting the number of transitions, in NodDKO(+WAS) mice compared to WT(+WAS) 3 9 2 fluoxetine-treated mice (Fig 4B) . Similarly, deficits in total distance traveled, time spent, and 3 9 3 frequency of entries into the inner zone of the OFT in NodDKO(+WAS) mice were reversed by 3 9 4 1 7 Trp levels were found in both NodDKO(-WAS) (Suppl Fig 3) and NodDKO(+WAS) than in their 4 0 7 control WT(±WAS) counterparts (Fig 4D) , suggesting a role for Nod1/2 in regulating Trp 4 0 8 transport. Interestingly, chronic fluoxetine treatment restored serum Trp concentration to WT 4 0 9 levels in NodDKO(+WAS) mice (Fig 4D) . Fig 4A) and colon (Suppl Fig 4B) were not reversed by 4 1 6 chronic fluoxetine administration. These findings suggest that while there is a role for 5-HT 4 1 7 signaling in regulating intestinal physiology in NodDKO(+WAS), the mechanism by which 4 1 8 fluoxetine normalizes behavior is likely independent of intestinal physiology. (reduced time spent in the light compartment) and OFT (reduced total distance traveled and 4 2 7 time spent into the inner zone) (Fig 5A) . In contrast, VilCre + Nod2 f/f (+WAS) mice had normal 4 2 8 cognitive function and anxiety-like behavior when compared to littermate controls (Suppl Fig 5) .
In the intestinal tract, significantly increased ion transport (Isc) was found in the ileum of 4 3 2 VilCre + Nod1 f/f (+WAS) mice compared to their WT control littermates, (Fig 5B) . In contrast, no 4 3 3 changes in physiology were observed in the colon, with similar ion transport and permeability Nod1 f/f (+WAS) controls (Fig 5B) . In the colon, 5HTr1a was increased whereas Tph1 mRNA 4 4 0 levels were decreased (Fig 5B) . Taken together, these findings suggest that IEC Nod1 4 4 1 expression can regulate peripheral 5-HT signaling, but the precise impact depends on the gut 4 4 2 segment studied.
3
Behavioral deficits in NodDKO(+WAS) mice are not rescued by co-housing. To assess 4 4 4 whether behavioral alterations and biochemical changes that occurred in NodDKO(+WAS) mice 4 4 5 were a reflection of their genotype or were driven by the microbiota, we co-housed a subset of 4 4 6 mice starting at post-natal day 21, pairing age and sex-matched WT and NodDKO mice in the 4 4 7 same cage. This co-housing strategy did not prevent development of cognitive deficits and 4 4 8 anxiety-like behavior in NodDKO(+WAS) mice compared to cage mate WT(+WAS) control mice 4 4 9 (Fig 5C) . In the NOR task, the co-housed NodDKO(+WAS) mice showed a lower exploration1 9 ratio compared to co-housed WT(+WAS) littermates. With respect to anxiety-like behavior, no 4 5 1 differences were observed in the L/D box test, while co-housed NodDKO(+WAS) mice showed 4 5 2 evidence of anxiety-like behavior in the OFT as indicated by lower total distance travelled and 4 5 3 decreased frequency of inner zone entry (Fig 5C) . These findings suggest that the composition 4 5 4 of the microbiota does not contribute markedly to the behavioral deficits seen in 4 5 5
NodDKO(+WAS) mice, such that abnormal behaviors cannot be transferred to WT(+WAS) mice 4 5 6 within the same cage. This indicates a lack of neuronal activation following exposure to WAS. Stress is also known to 4 9 1 be detrimental for adult hippocampal neurogenesis (50), which has been shown to reduce 4 9 2 memory recognition in rodents, as assessed by NOR tasks (30, 51). Similarly, both the number 4 9 3 of immature neurons and hippocampal cell proliferation were impaired in NodDKO(+WAS) mice. Reichmann F, Painsipp E, Holzer P. Environmental enrichment and gut inflammation 6 6 2 modify stress-induced c-Fos expression in the mouse corticolimbic system. PLoS One. 6 6 3 2013;8(1):e54811. 6 6 4
